STUDY DESIGN AND METHODS:
Marmosetinduced pluripotent stem (iPS) cells (cj-iPSC) were first cultivated on mouse embryonic feeder cells in medium containing recombinant human vascular endothelial growth factor. After 13 days, CD341/vascular endothelial growth factor receptor-2 (VEGFR2)-cells were sorted, treated with interleukin (IL-3), thrombopoietin, and stem cell factor for 20 days and further cultivated with granulocyte-colony-stimulating factor (G-CSF) and IL-3 for 10 days.
RESULTS: CD341/VEGFR2-cells could be generated in high amounts (39.65 6 6.01%; 2.31 3 10 5 cells).
Afterward, these hematopoietic progenitors could be successfully differentiated into mature cj-iPSC-derived neutrophils showing similar morphology, specific surface antigens, and neutrophil-specific gene products and in vitro phagocytic activity.
CONCLUSION: cj-iPSC-derived neutrophils bare high hopes in hematologic cell replacement therapy. They exhibit high morphologic similarity to native neutrophils and present neutrophil-specific surface antigens, antimicrobial proteins, and gene products yielding an auspicious approach for continuative experiments including tests in living animals.
I
n the innate immune system, neutrophils play a key role in first-phase reaction and hold the ability to eliminate invading microorganisms immediately, without previous interaction with other immune cells. 1 caused by marrow failure syndromes or caused by canceradjusted chemotherapy typically leads to a deficient immune system. Both cases are frequent clinical problems in hematology and transfusion medicine and seek for cell replacement 2,3 but might be limited in available number of matched donors. Also allogeneic cell transplantation always implies risk of contingent immune reaction like graft-versus-host disease. [4] [5] [6] Therefore, experimental research of individualized cell replacement therapy in hematologic diseases is of growing importance.
Although embryonic stem cells (ESCs) are known as the gold standard of cellular plasticity, induced pluripotent stem (iPS) cells represent an excellent way for constructive research along with overcoming ethical problems and possible allogenicity. These reprogrammed autologous somatic cells hold qualities like ESCs procreated by application of a composite of specific transcription factors 7, 8 providing an invaluable tool for individualized research in pathophysiology and cell replacement therapy and already exhibited their potential in various studies.
9-11
Also they bare hopes of solving present-day problems in clinical cell replacement therapy: In case of required neutrophil transfusion caused by marrow failure syndromes or any other reason cells could be obtained from the patient or HLA-compatible allogeneic donor via marrow puncture or apheresis from peripheral blood in amount of approximately 2 3 10 8 cells. Afterward, cells can be separated into healthy and diseased cells, using genetic analysis, and finally could, via reprogramming into iPS, be cultured, expanded in number, and differentiated into hematopoietic cells. In addition to genetic analysis after separation, cells always get screened for karyotyping after procedure of reprogramming, before they get either cryopreserved or differentiated into favored cell type. In addition, lentiviral vectors can be excluded from reprogrammed cells whenever wanted.
Since experiments with human cells always present the investigator with ethical problems and strictly limited possibilities, in research of hematologic diseases, animal models are indispensable. Murine models of hereditary and acquired diseases, however, provide only limited representation of human pathophysiology since they seldom convincingly mimic human diseases. The common marmoset monkey in contrast is known as a reliable model of human pathophysiology with a very similar immune system and reflects human disease faithfully. 12, 13 Also marmoset-induced pluripotent stem cells (cj-iPSCs) show high potential to first mimic hematopoietic differentiation and assess the function and possibilities of in vitro generated immature and mature blood cells under in vivo conditions.
MATERIALS AND METHODS
Maintenance of cells cj-iPSCs were generated previously in our group from marrow-derived mesenchymal cells by lentivirus- were treated with DMEM with 4.5 g/L glucose, L-glutamine (Lonza Group AG), 10% fetal bovine serum, 50 mmol/L b-mercaptoethanol, 20 ng/mL interleukin (IL)23, 10 ng/mL thrombopoietin (TPO, PeproTech GmbH), 100 ng/mL stem cell factor (SCF, R&D Systems) for 25 days. Medium contained 1% ciprofloxacin for the first 5 days, which was changed into 1% penicillin/streptomycin on Day 6. On Day 25 after cell sorting cytokines were changed to 10 ng/mL granulocyte-colony-stimulating factor (G-CSF, R&D Systems), 20 ng/mL IL-3, and 10 ng/mL TPO (PeproTech GmbH) for a minimum of 10 days (n 5 5).
Antibodies
Antibodies used for flow cytometric analysis and immunofluorescence staining included CD34 (Beckman Coulter GmbH), VEGFR-2, CD11b (integrin aM), CXCR1 (IL-8 receptor a), and CD64 (FccR1, Santa Cruz Biotechnology). The primary antibodies used for immunocytochemical analysis included lactoferrin (LTF, Santa Cruz Biotechnology) and gelatinase B/92-kDa gelatinase/92-kDa Type IV collagenase (MMP9, Abcam). Biotinylated horse anti-goat or horse anti-rabbit antibodies (Vector Laboratories) were used as secondary antibodies (Tables 1  and 2 ).
Flow cytometric analysis and cell sorting
Cells were relieved from MEFs by collagenase IV treatment and stained with monoclonal antibodies. Samples were analyzed for CD341/VEGFR2-cells in the Core Facility Cell Sorting of Hannover Medical School using an air-cooled solid-state laser MoFlo XDP (Beckman Coulter GmbH).
Cytostaining
Cells from floating culture were fixed in phosphate-free Thermo Scientific fixatives zinc Formal-Fixx (Thermo Scientific) at defined time points, dried, preserved in paraffin, and cut into 5-mm slides. Afterward slides were stained with Pappenheim's staining and analyzed by microscopy (Biozero BZ-8100, Keyence GmbH). In the following, cells were incubated with primary antibodies, washed, and covered with biotinylated immunoglobulins. Afterward streptavidin-peroxidase was added following the distributors protocol (substrate chromogen solution), and stained cells were analyzed by microscopy.
Immunofluorescence staining
For the examination of significant neutrophil surface markers, differentiated cj-iPSCs were fixed with 4% paraformaldehyde and kept in phosphate-buffered saline (PBS). Unspecific binding was minimized by treatment with 1% bovine serum albumin (Sigma) before incubating with primary antibodies. The corresponding secondary antibody linked to Alexa dye 488 or 546 was diluted in PBS. Afterward, cells were washed and nuclei were stained with Hoechst 33258 (1:10,000). The cells were delivered on a slide covered with poly-L-lysine (Sigma) and analyzed using the fluorescence (Olympus CKIX71, Olympus). All antibodies utilized and their respective dilutions are listed in Table 2 .
Cytostaining of native blood cells
In parallel to generated neutrophil granulocytes, native blood cells were fixed in phosphate-free Thermo Scientific fixatives zinc Formal-Fixx as controls, dried, and stained with Pappenheim's staining and morphologically analyzed as described previously.
Electron microscopy
Cell cultures were fixed in 150 mmol/L HEPES, pH 7.35, containing 1.5% glutaraldehyde and 1.5% paraformaldehyde at room temperature for 30 minutes and an additional 24 hours at 48C. Postfixation was done in 1% osmium tetroxide for 2 hours and in 4% uranyl acetate overnight (both solutions in water), followed by dehydration in acetone and embedding in EPON. Fifty-nanometer ultrathin sections were poststained with uranyl acetate and lead citrate. 14 Sections were imaged in a transmission electron microscope (Morgagni, FEI) at 80 kV. Images were taken with a 2K side-mounted camera (Veleta, Olympus GmbH).
Reverse-transcriptase-polymerase chain reaction
Total RNA was extracted from miPS cells and differentiated cells using an RNA isolation kit (RNeasy mini kit, Qiagen) following the manufacturer's protocol. Contaminant DNA was removed by DNase treatment using RNase-free DNase set (Qiagen). One microgram of RNA was used for reverse transcription with a high-capacity cDNA reverse transcription kit (Applied Biosystems). By adding oligonucleotide primers (TIB Molbiol) only mRNA was transcribed. For analysis of neutrophil-specific genes, polymerase chain reaction (PCR) of 30 mL including 23.5 mL of DEPCwater, 3.0 mL of buffer, 1.0 mL of dNTP, 0.5 mL of forward primer, 0.5 mL of reverse primer, 0.5 mL of Taq, and 1.0 mL of synthesized DNA was initiated. All oligonucleotides utilized and their respective fragment sizes are listed in Table  1 . A ribosomal housekeeper gene named RPS29 (ribosomal protein S29) was utilized as cDNA control; gDNA contamination control was performed with -RT sample lacking reverse transcriptase during cDNA production.
Phagocytosis assay
Differentiated neutrophils were examined for phagocytosis function using Phagotest (Glycotope Biotechnology). The protocol was carried out to the manufacturer's specifications with slight adaptations. Briefly, 30 mL of opsonized Escherichia coli was added to 100 mL of cellcontaining differentiation medium and incubated for 120 minutes at 378C. Afterward, samples were quenched on ice and treated with lysing and fixation solution. The last step was staining of cell DNA. Adjacent neutrophils were analyzed using both flow cytometry and microscopy.
RESULTS

Hematopoietic progenitor differentiation from cj-iPSCs
A new culture system for differentiation of hematopoietic progenitor cells (HPCs) from cj-iPSCs using a cocktail of specific cytokines was established based on previous reports [15] [16] [17] [18] and cultivated on MEFs. 19 After 5 days of culturing, cj-iPSCs started forming small colonies, which were growing in both number and size (Figs. 1A and 1B). After 13 days of recombinant human VEGF treatment, cells were analyzed for hematopoietic progenitor markers CD34 and VEGFR2 16, 20 by fluorescence-activated cell 
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sorting (FACS) and sorted. 1D and 1E ). In addition, differentiated CD341/VEGFR2-cells were collected and stained (Fig. 1C) . CD341/ VEGFR2-cells were used for further differentiation into cj-iPSC-derived neutrophils.
Neutrophil differentiation from cj-iPSC-derived hematopoietic progenitors
Sorted CD341/VEGFR2-cells were seeded on six-well plates (Greiner Bio-One) on fresh MEFs and cultured for neutrophil differentiation. First, cells were treated with IL-3, TPO, and SCF for 20 days. On Day 10 after cell sorting (Day 13 1 10) small colonies started to be formed ( (Fig. 2D) . During maturation, nucleus started forming and cytosol became more dense on Day 13 1 20 (Fig. 2E ) and on Day 13 1 30 approximately 45.75% 6 9.95% (1.1 3 10 5 cells) of mature differentiated neutrophils showed neutrophil specific lobulated nucleus (Fig. 2F) . Finally differentiated cells showed considerable similarity to native neutrophils from marmosets and humans (Figs. 2G and 2H ). In addition, cjiPSC-derived neutrophils were analyzed for neutrophilspecific genes and protein synthesis as well as for the expression of common neutrophil surface markers and for antimicrobial proteins stored in granules. Therefore, cjiPSC-derived neutrophils were analyzed for a selection of most functionally relevant structures: IL-8 receptor (CXCR1/2, CD128), integrin aM (CD11b), and FccR1 (CD64). CXCR1/2 is highly relevant for chemotaxis of neutrophils. 21 Integrin aM is part of the Mac-1/complement receptor Type 3 domain of neutrophils acting with ICAM-1 of endothelium for transition of the vascular wall 22 and
FccR1 initiates phagocytosis of pathogens by docking at opsonized microorganisms. 23 Tantamount to functional ability of differentiated cells, all of these surface markers [24] [25] [26] could be entirely detected in immune fluorescence microscopy (Figs. 3A-3C ). On the other hand neutrophils also exhibit antimicrobial proteins stored in granules. Three kinds of those granules are known in neutrophils: peroxidase-positive primary granules contain MPO, whereas peroxidase-negative secondary and tertiary granules contain LTF and gelatinase. [27] [28] [29] While primary granules decrease during development of neutrophils, secondary and tertiary granules increase. 30 In immunocytochemical analysis mature cj-iPSC-derived neutrophils showed high content of secondary and tertiary granules storing antimicrobial proteins LTF and gelatinase (Figs.  3D and 3E) . 31, 32 These results were reflected in RT-PCR analysis of neutrophil-specific genes (Fig. 3F ). CD34 appears to be relatively late (Day 32), whereas VEGFR1 is already expressed from Day 0. Interestingly, lactotransferrin seems to be expressed in later stages of differentiation (Day 56), whereas MMP9 is present through the whole differentiation process (Fig. 4F) .
Phagocytosis assay and electron microscopy
Furthermore physiologic activity of differentiated neutrophils was examined by assessing phagocytosis. Therefore, opsonized bacteria were added to differentiated cells following modified constructer's protocol. After incubation, cells were separated and prepared for immune fluorescence. In this assay, differentiated neutrophils show high phagocytic potential. As shown in Fig. 3G phagocytosed bacteria are attached to the cell (1), starting to phagocytize (2), and lysed inside of the cytosol of cj-iPSC-derived neutrophils (3). In addition cells also were assessed for typical neutrophil structures by electron microscopy. Matured cells showed neutrophil specific multilobulated nuclei (Fig. 4E) . Additionally, electron dense granules and multivesicular as well as multilamellar inclusions were observed (see Figs. 4C and 4D) .
Regarding the structure and density, granules show morphologic details as known from literature 27, 28 and similar to the control cells (Figs. 4A and 4B). In all described neutrophil-specific structures, mature differentiated neutrophils (Figs. 4C, 4D , 4E, and 4G) show high similarity to native blood derived cells from the marmoset (Figs. 4A, 4B , and 4F).
DISCUSSION
Neutrophils play an important, indispensable role in innate immune response. Several inherited and acquired marrow failures interrupt both differentiation and function of neutrophils, which are commonly connected with severe immune defect. As the immune system of the common marmoset perfectly mimics the human immune system, 12,13 cj-iPSC-derived neutrophils bare hopes in cell replacement and regenerative medicine. cj-iPSCs were cultured on MEFs during whole differentiation. The first issue of this study was to establish a reliable culturing system for the differentiation of HPCs. Therefore cj-iPSCs were cultured with VEGF, which is essential for hematopoietic differentiation. 33 For HPCs out of an abundance of surface proteins at least two of them are known to be indispensable: VEGFR2 and CD34. 16, 20 Caused by a despised yield of CD341/VEGFR21 cells and based on previous studies that show expression of CD34 either simultaneously or subsequently to the expression of VEGFR2. 34 CD341/VEGFR2-cells were sorted in adequate number after 13 days and additionally analyzed by PCR and immunofluorescence microscopy. It remains unclear why the CD34 mRNA signal is still detectable in the very late stages of differentiation, whereas VEGFR2 is detectable surprisingly early. The leading and final goal of this study was the further differentiation of these HPCs into mature functional neutrophils by the usage of well-known cytokines IL-3, TPO, SCF, and G-CSF. 18, 35, 36 Since G-CSF is both relevant for final differentiation of cells into mature neutrophils and activation of resting mature neutrophils, it was used for the final step of the differentiation.
36-38
Besides antimicrobial function, surface proteins also affect each other: integrin aM cooperates with the membrane linked FccR1 in maturation of phagosomes. 39 Even though FccR1 is not exclusively expressed in neutrophil 
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maturation, 40 it represents an adequate marker for successful differentiation because it is both induced by G-CSF 6,41 and known to be a lineage marker for granulomonocytic cells. 42 Since functional neutrophils perform several tasks in innate immunity such as patrolling circulating blood and neutralizing of pathogens, deficiency or disarrangement of one or all of the analyzed structures of this study prohibits adequate function of neutrophils and can lead to severe local and systemic infection. 21, 43, 44 The differentiated iPSCs of this study exhibit high similarity in morphology, gene expression, and relevant structures to native neutrophils as well as positive physiologic assays, which is a solid confirmation for a successful culturing system. However, even if this study does not generate functional neutrophils in clinical relevant amount, cj-iPSC-derived neutrophils show high potential for further research of hematopoietic disease in living animal model. In case of successful in vivo tests and developing the culturing system for proceeding with higher amounts of generated cells, this study could represent an alternative to the present day's practiced cell replacement therapy.
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